Habitat conversion in production landscapes is among the greatest threats to biodiversity, not least because it can disrupt animal movement. Using the movement ecology framework, we review animal movement in production landscapes, including areas managed for agriculture and forestry. We consider internal and external drivers of altered animal movement and how this affects navigation and motion capacities and population dynamics. Conventional management approaches in fragmented landscapes focus on promoting connectivity using structural changes in the landscape. However, a movement ecology perspective emphasizes that manipulating the internal motivations or navigation capacity of animals represents untapped opportunities to improve movement and the effectiveness of structural connectivity investments. Integrating movement and landscape ecology opens new opportunities for conservation management in production landscapes.
Introduction
Animals move over a vast array of temporal and spatial scales, ranging from the single burrows inhabited by trapdoor spiders (Mygalomorphae) over their decadal lifetimes [1] , to the annual 70 000-90 000 km trans-hemispheric migrations of Arctic terns (Sterna paradisaea) [2] . Animals move to forage or find other resources, breed, and escape predation and competition. In all cases, movement is essential for survival and hence is intrinsically linked with individual fitness [3] , metapopulation dynamics [4] and gene flow [5] . Animal movement is also crucial to functional network processes, including seed dispersal, predation and disease dynamics [6, 7] . Further, movement between patches and habitats will be necessary for many species to shift their ranges with climate change [8] . Under natural selection, species evolve specific movement parameters in response to habitat patchiness, predation pressure and other factors [9] . However, habitat loss, fragmentation and degradation can alter the balance of these pressures and animals may not be able to adapt their behaviour appropriately. If animals are unable to find sufficient resources, or they experience unsustainable levels of mortality, populations may become extinct.
Production landscapes, where primary industries occur, are typified by habitat modification that disrupts animal movement [9, 10] . To survive in agricultural and forestry landscapes, animals typically alter their movement behaviour as they adapt to changes in resource availability and landscape structure [11] [12] [13] [14] . Opencountry species may expand their ranges as movement increases across suitable habitat [15] . By contrast, patch-dependent species may have reduced movement if they are averse to crossing patch boundaries [16] , or increased movement if they must search for resources across multiple patches [3] .
Altered movement patterns of patch-dependent species can negatively impact individual fitness and population dynamics, such as lower fitness and breeding success caused by increased foraging distances following habitat loss [17, 18] , and population isolation and inbreeding due to infrastructure that blocks movement [8, 19] . On the other hand, populations can show rapid evolution of movement capacity in response to landscape change [20] . Understanding the fundamental link between habitat modification, the way it impacts a species's resource requirements and how the species adapts its movement to new landscape conditions is important for conservation policy and management in production landscapes.
Three intersecting issues make it timely and important to integrate contemporary knowledge of animal movement in production landscapes. First, 10 million km 2 of land is projected to be cleared for agriculture by 2050 [21] as the human population increases by an estimated 2.3 billion people [22] . Second, new knowledge is accumulating rapidly with new technologies enabling collection of very high-resolution movement data [23] , consequent analytical advances being developed [24] , the advent of the movement ecology framework [7] , and an increasing number of meta-analyses and quantitative reviews becoming available [e.g. 25, 26] . Finally, although aspects of animal movement have long featured in landscape ecology through metapopulation theory [27] , the landscape of fear [28] , perceptual range [29] and matrix effects [30] , these concepts are mostly considered in isolation. There have been few attempts to integrate animal behaviour and landscape modification through the unified framework of movement ecology (but see [6, 7, 31] ), especially in an applied sense [32, 33] . These developments enable novel insights into the internal and external drivers of animal movement, and provide the opportunity to improve the way landscapes are managed for animal conservation. Previous work relating movement ecology to biodiversity conservation has developed conceptual frameworks that emphasize how movement is influenced by species interactions [31] and environmental and internal constraints [33] . However, there remains a clear need to extend these important theoretical concepts to applied management problems. This review differs from earlier work in that we do not seek to develop a new conceptual framework [6, 31, 33] , rather we take an applied perspective by drawing on theory, case studies and meta-analyses to identify how the lens of movement ecology provides a different focus to conservation in production landscapes.
Using the movement ecology framework [7] , we consider how habitat modification in agricultural and forestry landscapes (external factors) affects three core components of animal movement (internal state, navigation capacity and motion capacity) that ultimately shape observed movement paths (figure 1). We demonstrate how new insights derived using the movement ecology framework can identify novel management interventions for improving animal movements. We discuss examples of both patch-dependent species and species for which production areas are habitat. We primarily focus on station-keeping movements (i.e. within the home range) and natal and breeding dispersal because seasonal migration typically operates beyond the landscape scale and the former two movement types should capture any disturbance effects within the seasonal ranges of migratory species.
Internal state
An animal's internal state relates to the physiological and psychological drivers of movement [7, 34] . This includes desire to eat, find shelter, find mates, escape predation or avoid competition. The proximate mechanisms by which habitat modification can influence movement include changes to habitat quality, resource availability, and exposure to predation and competition. Thus these processes manifest as cyclical feedbacks between an animal's internal state, movement behaviour and external factors (figure 1) [7] . Internal motivations for beyond-patch movements are also scale-dependent, being influenced by interactions between body size, mobility, and patch size and quality [35] . In this section, we demonstrate how altered resource availability can affect foraging decisions and home range movement, and how external factors influence decision-making during different stages of dispersal. movement path -tortuosity/directionality [12, 44, 45, 46, 52] -home range size and overlap [3, 11, 37] -foraging distance [17, 36, 37] -dispersal rate, timing and distance [3, 4, 5, 14, 56, 57, 58, 78] motion capacity -habitat loss and fragmentation [3, 20, 58, 61] -food availability [11] -physical barriers [8, 19] -predation [3, 78] navigation capacity -habitat loss and fragmentation [12, 41, 44, 45, 46, 52, 53] fitness [18, 20, 37, 58] internal state -habitat loss and fragmentation [17, 18, 36, 37, 38, 41 ] -competition/inbreeding [5, 38, 41] -food availability [17, 18, 36, 37] -predation [28] breeding behaviour [5, 18, 58] mortality rates [3, 56, 57, 78] population dynamics external factors non-movement related drivers of population dynamics Figure 1 . The movement ecology framework [7] applied to animal movement and population dynamics in production landscapes. Dot points represent empirical examples of external factors affecting the animals' internal state, navigation capacity, motion capacity and movement path, with flow-on effects for population dynamics. Numbers in square brackets indicate examples supporting each component of the framework and correspond to the reference list.
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In high-quality habitats with abundant resources, animals should need to spend less time searching for food compared to lower quality habitats. This has direct consequences for animal movement paths. If home range size is larger than the average patch size, the desire to find food can result in mobile animals foraging across multiple patches. In an agricultural region of North America, raccoon (Procyon lotor) home range size increased as both the proportion of forest area and water availability decreased [36] . Animals with larger home ranges had higher hourly movement rates [36] , suggesting that raccoons occupying small patches had to move greater distances to satisfy their internal desire to eat and drink.
Animals that spend more time and greater effort to meet their internal desire to eat may expend more energy on movement. Saunders [17, 18] compared the foraging movements and breeding biology of Carnaby's cockatoos (Calyptorhynchus latirostris) at one nesting site with extensive areas of contiguous native vegetation (Coomallo Creek) to another with little contiguous vegetation (Manmanning), both within grazingcropping landscapes of south-western Australia (figure 2). At the more fragmented site, birds travelled further from nests when foraging, females showed less attentive brooding behaviour, breeding success was lower and fledglings had lower weights (figure 2) [17, 18] . These results and others (e.g. [36, 37] ) indicate that animals in production landscapes often need to spend more time and energy moving to gather essential resources than they would in relatively intact landscapes, with negative consequences for fitness and population dynamics.
For smaller and less mobile species, a single patch may provide sufficient resources to accommodate multiple home ranges. In this case, the motivation for animals to cross patch boundaries is more likely to be driven by internal drivers that motivate dispersal [38] . Dispersal is typically divided into the three stages of emigration, transfer and immigration, and certain external factors are expected to differentially affect each stage (figure 3) [39] . Habitat quality is expected to have the strongest effects during the emigration and immigration stages as animals decide when to leave one patch and when to settle in another. Animals may be motivated to leave a patch if high levels of competition or predation render habitat quality low [35] . This can occur in production landscapes due to reduced resource availability, or edge effects that increase predation pressure [40] . The opposite is true for the settlement phase; individuals may choose to settle in a new patch that has higher resource availability, or fewer predators or competitors. For example, red squirrels (Sciurus vulgaris) were more likely to settle in patches where density of animals of the same sex was lower than the natal patch [41] . Landscape structure can also influence an animal's decision to leave a patch. Low dispersal rates may occur if animals are averse to gap crossing, due to, for example, an internal perception that the risks of entering the matrix are too high [4, 28] .
Once an animal decides to leave a patch, landscape structure and the physical environment typically become more important than habitat quality (figure 3). Matrix structure and composition often drive dispersal success in fragmented rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172272 landscapes, with different land cover types acting as ecological filters [16, 30, 42] . Habitat disturbance can create suboptimal habitat that animals are motivated to move through quickly. Movement through suboptimal habitat can lead to high rates of mortality [3] , or can increase rates of between-population movement [16] . On the contrary, moving through matrix types more similar in structure to patch habitat can improve survival and dispersal success [26] . These examples demonstrate how interactions between landscape structure and an animal's internal motivations for movement can drive population outcomes in modified landscapes.
Navigation capacity
Navigation capacity describes the ability of animals to obtain and use information about where to move [7] . Stimulus-driven animal movements can operate through non-oriented, oriented or memory mechanisms [43] , with the last two being most relevant to navigation capacity. Non-oriented movements occur when an animal moves in a random direction in response to a stimulus at its current location. Oriented movements occur when an animal perceives and moves in the direction of a distant cue. Memory-based movements involve the use of acquired or 'genetic' information about movement locations. Navigation capacity can be disrupted when habitat quality decreases, habitat becomes fragmented and patches become isolated [41] . The perceptual range is a component of navigation capacity that relates to the distance over which animals can detect suitable areas of habitat (oriented movements). Perceptual range can vary according to body size, habitat structure and environmental conditions (e.g. wind speed). Prevedello et al. [44] showed that the perceptual range of two neotropical marsupial species increased with decreasing vegetation complexity, being highest in mowed pasture and lower in plantations and abandoned pasture. Thus, by creating a matrix with low structural complexity, habitat fragmentation can both induce the need for animals to find habitat patches, as well as increase their ability to find patches [44] [45] [46] . Further research is needed to determine how this phenomenon interacts with movement costs in the matrix and what the consequences are for population dynamics.
The fitness benefits of memory-based movement are expected to be high in landscapes of intermediate spatio-temporal habitat complexity and low in environments that are temporally stable, spatially homogeneous or where temporal change is fast or unpredictable (figure 4) [47] . This is because homogeneous landscapes contain too few features to act as memory-based cues and highly heterogeneous landscapes are so complex that trying to memorize the landscape would incur excessive costs [47] . Clearly, the scale of these effects will depend on animal body size and ecology; for example, an area that is relatively homogeneous for a large herbivore may be highly heterogeneous for a beetle. While simulation models provide support for the pattern in figure 4 (e.g. [48, 49] ), further empirical work is needed to establish its generality and how it might be disrupted by environmental change [50] . This includes understanding how animals might adapt their use of oriented and memory-based movements in response to landscape change.
As ecosystems are transformed into production landscapes, species may incur fitness costs if their use of memory-based movement is not adapted to the altered landscape dynamics. For example, painted turtles (Chrysemys picta) use memory and learning to move between ponds, with 60 resident adults at a site in Maryland (USA) using one of four inter-pond routes with 3.1 m of precision [51] . By contrast, 30 adults translocated to the area showed little precision (207 m), failed to find water within 21 days and decreased in mass by 41.4% on average [51] . This switch from oriented to random movements demonstrates that novel environments can disrupt animal use of memory-based movement and reduce fitness. Further work is needed to assess the importance of this pattern across a range of taxa.
Selection for improved navigation capacity in production landscapes can result in animals from fragmented low high spatio-temporal complexity fitness benefit of memory Figure 4 . Fitness benefit of memory-based movement relative to the spatio-temporal complexity of the landscape. Adapted from Fagan et al. [47] .
rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172272 (cf. continuous) landscapes being better able to detect and move towards suitable patches [12, 52] . Merckx & Van Dyck [52] captured speckled wood butterflies (Parage aegeria) and released them in a hostile matrix, finding that individuals from fragmented landscapes displayed superior navigation capacity. Butterflies from fragmented areas followed more linear tracks and were better able to orient towards habitat patches at greater distances than individuals from a continuous landscape [52] . Similarly, exploratory movement behaviour by juvenile common toads (Bufo bufo) increased with how fragmented their source habitat was; individuals from less fragmented areas were more likely to settle in a patch without exploring beyond it [53] . Such adaptations can be crucial to species survival in production landscapes [54] .
Motion capacity
The relative costs of movement in different habitat types are influenced by animal morphology and mobility (motion capacity in figure 1 ). Individuals of better body condition or larger size typically have greater motion capacity [55] . Consequently, reductions in habitat quality in modified landscapes can decrease fitness and motion capacity, resulting in delayed or depressed dispersal [56] [57] [58] . Such impacts at the individual level can also translate into selective pressures at the population level because morphological traits related to movement have heritable components [59] . Theory predicts that the scale of patch isolation influences whether poor or good dispersal traits are selected for [54] . At high levels of isolation, dispersal traits can be selected against due to high rates of mortality in the matrix, whereas dispersal and reproduction theoretically should be higher at lower levels of isolation [54] , and empirical studies provide some support for this [60] . For instance, forest fragmentation affected the wing biomechanics of the Ecuadorian tapaculo (Scytalopus robbinsi) [61] . Birds in small fragments had narrower wings, which may have allowed them to colonize these fragments, whereas birds in larger fragments had rounder wings less suited for longer distance dispersal [61] . Further examples of altered motion capacity in response to landscape change include damselflies (Calopteryx maculata) with larger wings [62] , North American birds with narrower wings [63] and butterflies with lower wing load ratios (a proxy for flight capacity) [20] . Notably, little is known about the biomechanical response of non-flying animals to landscape change and this requires further investigation.
Advancing management using knowledge of movement behaviour
The drivers and consequences of animal movement in production landscapes are clearly multifaceted. Managing these areas to facilitate appropriate movement behaviour and population persistence thus requires integration of knowledge of external and internal drivers, and the mechanisms of motion and navigation. But these factors rarely feature in conservation policy and literature [64] , including major reference documents (e.g. [65] ). In part, this may reflect the legacy of a poor knowledge base caused by technological limitations in studying these phenomena. Here, we demonstrate how knowledge derived using the movement ecology framework can provide new perspectives for conservation management and policymaking in production landscapes.
(a) Internal state
Animals may decide to disperse from a patch if habitat quality is low, but this behaviour can be counterproductive if mortality rates are high and dispersal success is low. Improving habitat quality through the provision of key resources, such as food (e.g. [11] ) or roosting sites (e.g. [66] ), can encourage individuals to remain in patches and reproduce, rather than dispersing into high mortality environments. However, dispersal is important for gene flow and metapopulation persistence, which can be driven by other internal factors, such as avoidance of competition or inbreeding [5, 41] . Indeed, selection against dispersal in fragmented landscapes may be maladaptive in the long term if patch recolonization rates are reduced, thus compromising metapopulation viability [60] . This array of potential internal motivations promoting or limiting dispersal has important implications for managers aiming to improve landscape connectivity.
Conventional landscape management has focussed on improving connectivity by providing habitat corridors or stepping stones. While corridors have generally produced positive results for animal movement, 23% of studies in a meta-analysis showed negative results [25] . The past success of corridors may have been hindered in part by not explicitly considering the internal state of dispersing animals. Structural connectivity may not be the only factor limiting connectivity. We suggest that management interventions will benefit from integrating the animal's internal state into landscape planning through the use of techniques such as accelerometers, giving-up density experiments and other techniques in behavioural landscape ecology. For example, accelerometers have been used to characterize how movement varies with animal health [34] and behaviour (e.g. resting or running [67] ). Thus it should be possible to reveal the underlying drivers of different movement types by characterizing animal internal states as they move through different landscape elements [34] .
Generalist predators can benefit from improved mobility and visibility in modified landscapes and reach unnaturally high densities, potentially interacting with habitat modification to limit prey population size, particularly when they are introduced predators [68, 69] . Many studies have recorded higher predator densities or nest predation rates in corridors or at habitat edges [40] . If habitat cover is low or predator numbers high, dispersing animals can experience elevated rates of predation [70] . Animals may be hesitant to move through corridors if they perceive that predation risk is too high. Internal state approaches to reduce actual or perceived predation risk and hence facilitate animal movements include providing supplementary refuges [71] or non-hostile matrices similar in structure to habitat patches [26, 72] , and reducing introduced predator numbers [73] . Doing so during dispersal windows may be critical for promoting population connectivity.
(b) Navigation capacity
The need to understand interactions between navigation and landscape structure is emphasized by the findings of Olden et al. [29] , who used model simulations to show that spatial variation in stimuli strength can affect the size and shape of perceptual ranges. However, there are few applied examples where animal navigation capacities have been incorporated rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172272 into landscape management plans. This may be because it is relatively difficult to gather field information on the visual, olfactory and other cues that animals use for navigation. Some specialist species use olfactory cues to locate areas of suitable habitat containing keystone resources [74] . If these keystone resources have been lost from certain patches in production landscapes, restoring the resource may provide the cues needed for patch colonization.
Similarly, some animals use conspecific cues to decide where to settle when dispersing because the presence of conspecifics can indicate habitat quality and settling near neighbours can provide benefits such as increased mating or foraging opportunities [75] . A potential result of conspecific attraction is that patches of suitable habitat remain unoccupied. Fletcher [76] showed that conspecific attraction explained patch size sensitivity of the least flycatcher (Empidonax minimus). All unoccupied patches were colonized following experimental call playback of conspecifics, thus removing the patch size effect [76] . Simulating conspecific cues in unoccupied patches of suitable habitat could therefore be used to aid animal navigation and dispersal in production landscapes.
While the perceptual range is a useful approach for determining habitat detection distances, an animal's navigation capacity can be disrupted if the scale of habitat modification is beyond their perceptual range [77, 78] . In these cases, novel approaches to matrix management can facilitate inter-patch movements. Studies of rodents in Italy [46] , marsupials in Brazil [79] and geckoes in Australia [45] all found that experimentally released animals preferentially followed plantation rows when moving, rather than necessarily moving towards habitat patches. Orienting plantation rows to connect habitat patches and stepping stones (figure 5) is thus a relatively simple approach for directing dispersing animals towards suitable habitat and thus promoting connectivity. By capitalizing on an animal's directional movement behaviour, this approach enables production areas to act as conduits for dispersing animals.
(c) Motion capacity
Acknowledging that animal motion capacity may not be optimal in modified landscapes can be used to aid conservation efforts [9, 80] . For example, low food availability in patches can be an impediment to animal growth and hence motion capacity. The provision of supplementary food can decrease foraging ranges [81] , and improve adult fitness and reproductive success [82] . So an important knowledge gap to fill is whether these effects translate into improved motion capacity and dispersal success. Overall, though, landscape managers have limited ability to directly influence animal motion capacities. This means that it is important that internal factors and navigation capacities are catered for when establishing habitat corridors or non-hostile matrices for less mobile species, such as flightless beetles and small reptiles [26, 72] . Similarly, crossing structures can improve connectivity for animals whose motion capacity is inadequate for traversing physical barriers created by infrastructure [8, 19] . In situations where structural connectivity is not possible, more direct intervention may be considered, including translocation of low-mobility animals to aid patch colonization rates [80] .
Conclusion
Given the level of detail often required, the proposed management approaches may currently be best suited to individual species (e.g. those of conservation concern), or groups of animals with similar movement traits. For example, if the management approach is tailored to animals with a perceptual range of 100 m, this could benefit all species that detect habitat from that distance or further, but not those with a shorter perceptual range. Identifying the general landscape conditions that groups of animals respond to will facilitate broader application of the approaches suggested above, as will rigorous assessments of management interventions. Fruitful areas for future research include understanding:
1. how enhanced perceptual range in simplified landscapes interacts with movement costs in the matrix and what the consequences are for population dynamics; 2. the degree to which species can adopt a mixture of oriented and memory-based movements in response to landscape change; 3. the biomechanical response of non-flying animals to landscape change; 4. the role of keystone resources in promoting dispersal and settlement; 5. how the impacts of supplementary food provision on individual fitness influence motion capacity, dispersal propensity and dispersal success; and 6. the proportion of an animal community that will benefit from interventions based on the movement ecology of a few species.
As human exploitation of natural ecosystems continues, understanding and managing for animal movement in production landscapes is of increasing importance. Traditionally, conservation management has focussed on improving connectivity by manipulating structural elements of the landscape, without adequate regard for the internal and external drivers of animal movement. The movement ecology framework emphasizes that individual behaviour can be equally or more important than structural connectivity. We need to understand how habitat modification interacts with movement ecology so that the suite of tools available to conservation biologists expands well beyond manipulating structural connectivity.
Resource availability can play a key role in shaping animal movement in production landscapes, yet this driver has received relatively little attention. Policy and management Figure 5 . Orienting plantation rows to connect habitat patches and stepping stones may aid connectivity for species that preferentially move along the rows.
rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172272 that overlooks the importance of key resources may be detrimental to mobile species for which connectivity per se is less important. The use of corridors, stepping stones and nonhostile matrices needs to be informed by knowledge of animal motion and navigation capacities. Embedding movement ecology in landscape management is a crucial step for improving the likelihood of conservation interventions successfully promoting animal movement and population persistence in production landscapes.
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